The steroids secreted by the adrenal cortex are known to have profound effects on the electrolyte content of mammalian tissues. There is good evidence that the admlnlgtration of ACTH and adrenal steroids induces a negative K balance both in man and in experimental A nlm~ls. This loss of K has been shown to involve skeletal muscle, but there is little information available on the effects of the hormones on the erythrocytes. The present study was performed to investigate the effects of adrenal activation by ACTH and the effects of the steroids, cortisone and hydrocortisone, on K exchange in human red cells.
spun in Wintrobe tubes at an acceleration of 1610 g (measured to the midpoint of the hematocrit tube). As an added precaution, initial and final hematocrit determinations of each sample were measured in the same hematocrit tubes.
The radioactive material was obtained from the Atomic Energy Commission through the Brookhaven National Laboratory. Half-lives were checked during many of the experiments and agreed with published figures. Further occasional checks showed that the K a as received from this source was essentially radiochemically pure for many half-lives. Radioactivity was measured in solution in a Texaco well counter 1 for most of the experiments, although occasional measurements were made in a scintillation counter. Since gamma rays alone were counted, no corrections for self-absorption were required. Dead time corrections were made when appropriate.
Influx and efltux rates were obtained using equation (3) (3) and p0 is the initial value of p. This solution holds in the steady state in which it is assumed that the total K concentration (stable plus radioactive) remains constant in the cells during the 4 hour course of the experiment. Under our experimental conditions this condition is not fulfilled since the intracellular K concentration usually rises slightly during the course of the experiment.
In the steady state, it has been shown that P.o may also be given by We should like to express our appreciation to the Texas Company for having made this counter available.
procedure has been modified; we have used the initial concentrations and hematocrit determination to detemfine the initial value of p~, which is assumed to remain constant throughout the experiment. As has been shown in the previous paper, k~ is much larger than k~vp/~q, and hence the slope of ln(p/p~ -1) when plotted against time largely reflects k~. In other words, we are assuming that the K influx is set by the initial conditions and remains constant throughout the experhnent.
In order to calculate k~ and the gross K efltux, we next calculate the net K influx from the net change in plasma K concentration and hematocrit deter° mirmtion. The net influx of K to 1 liter of cells (after correcting for volume changes) during the experimental period, called R, is given by:
in which H refers to hematocrit value and the subscripts / and f refer to initial and final states respectively. R is calculated from plasma concentrations directly to avoid the use of cell concentrations which are themselves derived from measurements of whole blood K, plasma K, and the hematocrit readings. Further, R is referred to the initial conditions since they are the most rigidly defined in the system. The slope S of the function ln(1o/p~ --1) when plotted against time is:
The second part of equation (7) of reference (2) contains a transposed subscript, which has been corrected in equation (6) above. Equation (7) of reference (2) should read k~ =~ -S -h,(1 -H)IH.
Since we assume that the rate constants for K ~ exchange also apply to K, R/t, the net K influx/hour will also be given by:
From (5), (6) , and (7) (8) is not an exact solution for equation (1) , but represents an approximation which has been chosen in an arbitrary fashion. The present method, however, does provide an analytical solution and also reveals the effect of plasma K concentration on net K influx as will be shown below. adrenocortical stimulation in each case as evidenced by a fall in blood eosinophiles and, in all instances in which it was measured, a rise in urinary 17-hydroxycorticoid excretion, estimated by the method of Reddy, Jenkins, and Thorn (5) . Blood samples were drawn soon after the onset of eosinopenia (between 3 and 4 hours after the start of the infusion), again at the peak of adrenocortical activity (between 7 and 9 hours after the start), and the fol-
•
lowing morning when the eosinophile count was found to have returned approximately to control levels. Cortisone and hydrocortisone have been shown to affect the water content of the erythrocytes, at least in subjects with adrenal insufficiency (Dingman, Streeten, and Thorn (5)). Since this effect of the steroids might conceivably be mediated by movement of Na, independently of variations in K exchange, it was possible that the changes descrl"oed in erythrocyte K concentration might reflect movements of Na and water, rather than actual migration of K ions. (3)). By multiplying the erythrocyte K concentrations observed during and after the infusions, by the factor, MCHC before infusion MCHC at that stage of infusion it was shown that the changes in K concentration were due in large part, though not entirely, to movements of K (i.e. true changes in K flux), giving rise to actual alterations in the K content of the erythrocytes. These results are given in Table I and Fig. 2 .
The corrected K concentration in the erythrocytes was found to have undergone fairly consistent changes. Early in the infusion the K concentration fell transiently; at the height of adrenocortical activity, 8 to 9 hours after the start of the infusion, it was found to have risen well above the control level in each case. Increased corrected erythrocyte K concentration persisted on the following day in three out of four experiments.
(b) Effects of Infusions of Cortisone and
Hydrocortisone.--Cortisone or hydrocortisone was administered intravenously or by mouth to subjects with normal adrenal function and to a patient with Addison's disease. As shown in Fig. 3 and Table I the corrected erythrocyte K concentration showed an increase during the steroid administration which continued for several hours after stopping the hydrocortisone infusion in the patient with Addison's disease; a similar continued increase was found in one of the normal subjects after the cortisone infusion was stopped.
(c) Effects of Control Infusions of Dextrose Solution.--Two normal subjects
were given control infusions of 5 per cent dextrose solutions with no added hormones. Table I shows that intravenous infusions of the control solution given under circumstances identical with those of the ACTH and steroid infusions produced inconsistent changes in corrected erythrocyte K concentration, followed by a return of K concentration at 22 to 26 hours to the initial level. On the other hand, the changes following steroid infusion though in some cases of the same magnitude, are relatively consistent in direction as can be seen from Figs. 2 and 3. It may be concluded that the corrected erythrocyte K concentration certainly did not fall (except transiently) as a result of steroid infusion, and may well have risen. --The present method of calculation has revealed a dependence of K influx on extracellular K concentration in contradiction to the previously published results of Solomon (2), Raker, Taylor, WeIIer, and Hastings (7), and Sheppaxd and Martin (8) . As a consequence the results of the previously published experiments (2) have been recalculated using the present method; the results, together with additional values from the present experiments, are presented in Table II Experiments prefixed S are from the present set; those without the prefix are recalculated experiments from reference (2). This equation gives the curve plotted in Fig. 4 . From Table II it can be seen that the K efflux, as would be expected, is independent of [K]p. The correlation coefl3cient is 0.083 and is not significant 
which is the curve plotted in Fig. 5 . This curve provides a reasonable fit for the data.
In view of the dependence of K influx on plasma concentration, it has been necessary to correct all subsequent influx data to [K]p~ = 4.65 m.eq./liter, the normal plasma K concentration previously found (2) . This correction has been made graphically based on equation (9 a This figure is to be compared with the previous value (2) of 1.67 m.eq./liter cells hour. It should be pointed out that Ponder's value for the uptake of K at 37°C. by cells previously cold-stored for 60 hours is approximately 2 m.eq./liter cells hour, rather than 4.5 m.eq./fiter ceils hour as calculated in the previous paper (2) by Solomon. The present value of K flux can also be expressed as 3.3 )< 10 -14 mols/cm.= sec. assuming a cell surface area of 167/P, a population of 5 X 106 red cells/ram? of blood, and a mean hematocrit reading of 0.475; the previous (2) conversion to these units was in error. The Na flux previously given in these same units should be corrected to 4.9 )< 10 -14 mols/cm, l sec. These figures are equivalent to corrected fluxes of one K molecule per hour per 141 A S of cell surface and one Na molecule per hour per 90 A s of cell surface.
increase of intracellular K. This would indicate that this normal K uptake is followed by a concomitant increase in water content rather than a compensating loss of Na. in order to determine whether the K shifts observed following the infusions resulted from changes in K influx, K eiHux, or some combination of these two factors. For this purpose samples of the patients' blood were drawn before the infusion, 3 to 4 hours after the start of the infusion, 8 to 10 hours after the start of the infusion, and 25 to 31 hours after the start of the infusion. These samples were incubated in duplicate at 37.0°C. for 4 hours with K d in order to determine the flux rates by the methods already described. The results are given in Tables III and IV. Table IV are obtained by dividing the influx and efl]ux at the later times by the flux before infusion. The net influxes in Table IV are corrected values obtained from Table HI. The rate of K influx was decreased between 3 and 4 hours after the start of the ACTH infusions and remained below the control values at the height of the adrenocortical activity, after 9 to 10 hours, and the following day. The administration of ACTH also reduced the rate of K efl]ux from the cells at all stages of the infusion. Similar changes were induced by the infusion of cortisone, implying that the observed effects of the ACTH infusions were attributable to the high blood levels of adrenocortical steroids which resulted.
The control infusion of dextrose also produced small changes in K flux but in a direction opposite to the changes resulting from steroid admlni~tration. Table V shows the relative effect of ACTH infusions on glucose utilization. Although the control figures are quite variable, it appears that glucose utilization is depressed when K moves out of the cells, and that it follows in a general way the changes in cellular K concentration. These results are in agreement with Verzar's observations (9) of a correlation between glucose utilization and K uptake in many other cells. 
(c) Effect of Addition of Hydrocortisone in Vitro.~In order to establish
whether the administered ACTH and cortisone produced retardation of the K exchange by a direct action on the red cells or by some indirect mechanism, samples of blood were incubated in ~itro in the presence of varying amounts of hydrocortisone. This particular steroid was selected because there is good evidence that it is the principal corticoid secreted by the adrenal cortex in response to the stimulation by ACTH (Reich, Nelson, and Zaffaroni (10); Bush (11); and Savard, Kolff, and Corcoran (12)).
The results are given in Table VP and Fig. 6 which show that a dose-response s We should like to express our appreciation to the Merck Company for a generous supply of cortisone-free alcohol.
curve could be drawn for the inhibitory effects of hydrocortisone on the rates of influx and efflux of K. K exchange in both directions was reduced progressively by increasing concentrations of hydrocortisone. This evidence supported the view that the administration of ACTH or cortisone in vi¢o retarded the rates of diffusion of K both into and out of the erythrocytes by a direct action of steroid on the cells. There was no significant difference between the changes in rates of influx and efltux of K under the influence of hydrocortisone added in vitro. This evidence confirmed the finding, described above, that increased blood levels of adrenal steroids retarding the K exchange in erythrocytes did In some of the earlier in vilro experiments, ethanol was used as a solvent for the steroids? It soon developed that the effect of alcohol, which produced a marked K loss even at these low concentrations, was much more marked than was that of the steroid. At higher concentrations of ethanol Ponder (13) has observed a similar K loss inhuman red cells at 4 and 24°C. Table VII shows a 4 Ethanol was also used as solvent for the cortisone in the cortisone infusions. However, the concentration was so low (0.09 t¢ alcohol in a 0.5 liter saline infusion) that the concentration in the blood could not have exceeded 0.005 g per liter during the infusion, and was probably much less than this.
comparison of normal K flux values with results obtained in some alcohol control experiments. Since the cells did not shrink appreciably during the course of the experiment (even in Experiment S-15-ij) it appears that the ethanol-induced loss of K is compensated by a Ns gain, in agreement with Ponder's results.
It will be noted that the lower concentrations of alcohol cause a decreased K influx with a relatively slight effect on K efl]ux. However, at the higher alcoho! concentrations both influx and efflux are affected strongly. It is interesting that the higher concentration more than doubles the glucose consumption, thus affording another indication that glucose consumption, although essential for K transport, is not linked to it on a mol-for-mol basis. (17)). On the other hand, the present results have clearly indicated that K is not lost by the erythrocytes and may well be gained following steroid administration or adrenocortical stimulation by ACTH (after a transient movement of K in the reverse direction). There is no data to explain this apparent difference between the erythrocytes and the other body cells. However, Tobian and Binion (18) have shown that in rats maintained on DCA, increased K is found in brain and aorta, while muscle K decreases as expected.
Although the changes in K flux rates measured/n ¢itro are small, they probably do represent a real effect of the raised steroid content of the blood, in-duced by the intravenous infusions. Thus, similar changes could be brought about by the in ~ro addition of hydrocortisone to the blood (Fig. 6 ), but did not result from the control intravenous infusions of dextrose solution. Since there can be little doubt that the observed changes in K flux were due to the adrenal steroids, it is difficult to understand why the steroids failed to cause the same pronounced changes in erythrocyte K content in vitro as were seen to result from their action in vivo. Table IV shows that the net change in K flux is relatively small during the in vitro experiments, and probably too small to account for the large changes in red cell K content which were noted when the steroids exerted their effects on the same blood cells over periods of 3 to 9 hours within the body. It seems possible, therefore, that the changes in erythrocyte K content observed in vivo, are brought about by the intervention of an agent that is not present during the in vitro incubation of the cells. Alternatively, the present technique for the incubation of the cells may introduce an artefact which prevents some of the K changes observed when adrenal glucocorticoids act on erythrocytes in vivo. The effect of the infusion of ACTH and adrenal steroids on the K content of the erythrocytes was also studied. Infusions of ACTH or cortisone do not cause the expected loss in erythrocyte K content and may well cause a gain.
Infusions of ACTH and cortisone decrease the rate of K influx and efl]ux slightly at all stages of the infusion, as measured in vitro in blood samples drawn at various times during and following the infusion. However, the erythrocytes incubated in vitro do not exhibit the same changes in K content as are found in vivo. Hydrocortisone added to normal cells in ~ro also decreases both influx and eCSux of K, without affecting the K content of the cells.
